Objective. There is increasing evidence that the cerebellum has a role in pain processing. The present study investigates whether chronic pain patients, who are likely to have altered pain processing, exhibit signs of subtle cerebellar dysfunction. We used oculomotor tasks to assess dysfunction of the associated neuronal networks, including the cerebellum.
Introduction
There is increasing evidence that the cerebellum is involved in pain processing (reviewed in [1, 2] ). Animal experiments have shown that information from nociceptive primary afferents reaches the cerebellum [3, 4] and suggested that the cerebellum has a role in endogenous pain modulatory systems, including descending pathways [5] [6] [7] . Cerebellar activation has also been detected during development of neuropathic pain in rats [8] . In human imaging studies, cerebellar activation is consistently seen in response to painful stimulation, especially involving vermal lobules III to V and bilateral hemispheric lobules VI, crus 1, and VIIb [1, 9] . This is also true for evoked or spontaneous pain in chronic pain patients, including patients with chronic spinal pain [1, 10, 11] . We have recently shown that pain sensitivity is significantly increased and endogenous pain inhibition significantly decreased in patients after cerebellar infarction [12] . Consistently, cathodal (inhibitory) cerebellar transcranial direct current stimulation has been shown to increase experimental pain perception and amplitudes of painevoked potentials [13] . The constellation of increased pain perception associated with decreased endogenous pain inhibition is similar to that repeatedly found in chronic pain patients [14, 15] . Indeed, imaging studies have also shown evidence of decreased cerebellar functional connectivity [16] and reduced cerebellar gray matter volume [17, 18] in patients with chronic low back pain or fibromyalgia. Therefore, it is an interesting question if distinct clinical signs of cerebellar dysfunction can be detected in chronic pain patients. Demonstrating cerebellar involvement in chronic pain would be important for further discovering the mechanisms underlying chronic pain disorders, and may also open new therapeutic approaches (e.g., modulation of cerebellar function by potassium channel blockers such as 4-aminopyridine [19] ).
One established possibility to investigate cerebellar function is the assessment of oculomotor functions. These can be measured precisely with a number of reliable parameters and are tightly controlled by cerebellar circuits. Based on extensive single neuron recordings from primates, there is detailed knowledge about the cerebellar circuits involved in the control of the different eye movements [20] . We therefore developed the hypothesis that chronic pain patients show significant disturbances in oculomotor function, pointing toward a cerebellar dysfunction. To test this hypothesis, we compared performance in saccadic and smooth pursuit paradigms between patients with one of the most frequent chronic pain disorders (chronic nonspecific spinal pain) and healthy controls.
Methods

Subjects
The study was conducted in accordance with the Declaration of Helsinki and approved by the local ethics committee at the Ludwig-Maximilians University Munich (No. 102-14). Written informed consent was obtained from all subjects prior to participation. Patients with nonspecific chronic spinal pain were recruited from the Department of Anesthesiology and Pain Medicine at the Ludwig-Maximilians University Munich. Healthy pain-free controls were recruited by advertisements on the university campus and the internet; 30 controls and 30 chronic spinal pain patients between age 18 and 75 years with normal or corrected-to-normal vision, at least nine years of schooling, Mini Mental Status Examination (MMSE) [21] scores above 26/30 points, and free of severe psychiatric or neurological disorders were included (Table 1) . Chronic spinal pain patients suffered from nonspecific pain at the cervical, thoracic, and/or lumbar spine for at least six months with a mean intensity of at least 3 on the numeric rating scale (NRS) from 0 to 10 (0 ¼ no pain, 10 ¼ strongest pain imaginable). Patients with a specific cause of spinal pain (e.g., malignancy, bone fractures, or radicular syndromes) were excluded. Pain medication was continued, but changes of dosing or start of opioids or co-analgesics within two weeks prior to examination were not allowed. A standard clinical neurological examination including coordination tests was performed in all patients, with normal results.
The power analysis was based on one of our previous studies, which found effect sizes of 0.6 (Cohen's d) for group differences in oculomotor function (gain and latency) between patients with cerebellar infarction and healthy controls [22] . The present sample size is sufficient to detect a group difference with an effect size of d ¼ 0.6 with a power of 0.75 at P < 0.05.
At the beginning of the experimental session, patients rated their current spinal pain intensity and their average and maximum spinal pain intensity during the last week on the NRS (0-10). The Center of Epidemiological Studies Depression Scale (CES-D) was used in patients and controls, and a cutoff of </!18 was used to dichotomize subjects into those with low and high probability of clinical depression [23] . Pain medication was classified into nonopioid analgesics (nonsteroidal antiinflammatory drugs and metamizole) and opioid/co-analgesic medication (co-analgesics included antidepressants with dual action such as tricyclics, duloxetine, or venlafaxine and antiepileptics with analgesic action such as gabapentine or pregabaline).
Setup and Paradigms
The subject was seated in front of an LCD computer screen (ASUS VG278, 27 inch, operated at 75 Hz) at a distance of 0.55 meters. The subject's head was stabilized by a chin rest. In a completely dark room, the target (a white cross, size 6Â6 mm, bar width 20 mm, luminance 130 cd/m 2 ) was projected on the computer screen on a gray background (luminance 20 cd/m 2 ) at eye level. Target position and movement were operated by a custom-made software running under Matlab (Mathworks, Natick, MA, USA). The two-dimensional eye position was recorded using a custom-made binocular infrared video-based, head-mounted eye tracker (EyeSeeCam [24] ). An online pupil detection algorithm computed the coordinates of the pupil center, sampled and recorded at 200 Hz with a resolution below 0.1 deg and total accuracy below 0.5 deg.
Reflexive saccades were measured with two different paradigms: predictable and unpredictable steps. For both paradigms, the target appeared at one of the positions described below, followed immediately but without overlap by appearance at the next position. Possible positions were center of the screen (0 ) and lateral positions located at 65 , 610 , 615 , or 620 to the left (-) or right (þ) from the center of the screen. For predictable steps, the target was always presented for 1,500 ms and first appeared in the center of the screen, then at þ5
, then at þ10 , and so on. When reaching 620
, the direction of target movement was reversed. For unpredictable steps, duration of target presentation varied randomly between 1,000 and 2,000 ms (in intervals of 125 ms). In addition, the direction of target movement was unpredictable. Each target (except 620 ) could appear either 5 to the left or to the right from the previous target. A total of 48 target presentations were given in both the predictable and unpredictable step paradigms. Subjects had the task of following the target as quickly and accurately as possible.
Smooth pursuit was measured as follows: The target moved with a sinusoidal velocity, with a frequency of 0.33 Hz, a peak of 21 /s, and starting at a phase lead of 66
. Thus, the initial target movement was stepramp-like stepping to an eccentricity of 4 and crossing the midline after 200 ms. The target stopped at the midline two periods (six seconds) later, and the next trial started after a fixation duration of two seconds. Fourteen trials were performed.
Data Analysis
Eye position data were computed from the recorded pupil position by a linear calibration function based on the late fixation periods (1 and 1.5 seconds after each target step) in the predictable-step paradigm. The calibration established with these fixation data were then applied to all paradigms. Eye velocity was computed from eye position by differentiating and low-pass filtering with zero-phase Gaussian low pass with 30-Hz cutoff frequency (transition gain of 0.04 at 100 Hz). Eye movement performance was characterized by the following dependent variables:
Saccade parameters were assessed for the primary saccade only, defined as the first saccade following target presentation with an amplitude of !2.5
, a velocity of !10 /s, and a latency of !80 ms. Latency was defined as the time between target presentation and saccade initiation. Saccade gain was defined as the ratio between the saccadic amplitude and the target amplitude. A gain >1 indicates saccadic overshoot, while a gain <1 indicates undershoot. Saccades to the right and left side were analyzed separately.
For smooth pursuit, the slow phase velocity was extracted from the eye velocity signal by cutting out saccades as detected by a velocity criterion [25] . The following parameters were then extracted: Initial latency (latency to the onset of the smooth pursuit movement) was quantified as the latency between the onset of target movement and the time of the maximum slow phase acceleration, detected within an interval between 100 and 300 ms after onset of target movement. The steady state response of the pursuit was characterized by fitting a sinus (0.33 Hz) to the observed slow phase velocity during the second of the two periods of the target movement of each trial. The least-squares method was applied to determine the peak velocity and the phase of the fitted sinus. The gain was calculated as the ratio of the fitted peak slow phase velocity and the peak target velocity (21 /s). In addition, to quantify within-subject variability of smooth pursuit, the slow phase velocity standard deviation was defined as the intertrial standard deviation of the slow phase velocity calculated for each sampling point across the 14 trials and by calculating the root mean square of the standard deviations across all sampling points.
Statistical Analysis
Statistical analysis was done using the Statistical Package for Social Sciences (SPSS version 23, IBM Corporation, Armonk, NY, USA). Values are given as mean 6 SD unless indicated otherwise. P < 0.05 was 
Results
Characteristics of the study population and corresponding statistics are shown in Table 1 . There were no significant differences in age, gender, or MMSE scores between patients and controls. Significantly more patients than controls (11 vs 0 of 30) had elevated depression (CES-D) scores !18.
Results of oculomotor tests and corresponding statistics are given in In the smooth pursuit paradigm, we found significantly longer initial latencies in patients than in controls (198 6 20 ms vs 185 6 11 ms, T(49) ¼ -2.9, P ¼ 0.006). The variability of the slow phase velocity from trial to trial (as measured by the standard deviation) was significantly larger in patients than in controls (3.31 6 1.02 /s vs 2.70 6 0.83 /s, T(53) ¼ 2.4, P ¼ 0.02). The slow phase velocity gain showed a trend for significance (T(52) ¼ 1.8, P ¼ 0.07) for a smaller gain in chronic spinal pain patients (0.88 6 0.09 vs 0.92 6 0.05).
We also tested for correlation between oculomotor parameters and clinical pain characteristics. There were no significant correlations between predictable or unpredictable saccade or smooth pursuit parameters with spinal pain intensity or duration, and there was no significant difference between patients with low back pain and cervical spinal pain (all P > 0.1). To exclude that alteration of oculomotor parameters in chronic spinal pain patients was related to the presence of increased depression (CES-D) scores rather than chronic pain, we also compared oculomotor parameters in patients with high and low CES-D scores. There were no significant differences (P > 0.35). Similarly, oculomotor parameters were not significantly different between patients taking only nonopioid vs opioid/co-analgesic medication (all P > 0.4).
Discussion
The present study shows that both saccadic movements and smooth pursuit are significantly disturbed in chronic spinal pain patients, showing increased latencies in both paradigms, and a tendency for a reduced gain and an increased intertrial variability of smooth pursuit.
Oculomotor tasks require the coordination of neuronal activity in many brain regions, and they are sensitive to dysfunction in involved structures. Assessing both saccadic movements and smooth pursuit in the present study offered the opportunity to test the function of the partially separate neuronal networks involved in these functions. Smooth pursuit relies on movement detection in the middle temporal area and medial superior temporal area (MT/MST), which provides input to the frontal eye field and the dorsal pontine nuclei. The pontine nuclei pass the information to the vestibulo-cerebellum, the dorsal vermis, and the cerebellar hemispheres (lobule VII), which are involved in the velocity profile and onset of smooth pursuit [20, [26] [27] [28] . Performance of saccadic movements involves the frontal eye field, which is involved in saccade initiation. Saccades also rely on the supplementary eye field and the parietal eye field, and their connections to the brainstem saccade generators in the midbrain and pons [29, 30] . In nonhuman primates, unilateral lesions of the cerebellar hemispheric lobule VII increase primary saccade latencies [28] . The cerebellum also has a role in more complex oculomotor tasks such as anti-or memory saccades, which require higher levels of cortical processing [22, 31] . In the present study, there also was a significantly increased slow phase velocity variability of smooth pursuit in patients compared with controls. As the intertrial variability of smooth pursuit is correlated with the variability of purkinje cell acitvity in the flocculus [32] , this might also point toward a dysfunction of cerebellar structures. Alternatively, it might be a sign of increased variability of sensory or predictive cortical signals about target motion during the steady state phase of periodic and predictive smooth pursuit. This explanation is consistent with the observation that the intertrial variability of the smooth pursuit approaches that of the perceived velocity during the steady state phase [33] .
The present results, showing increased latencies in chronic spinal pain patients both in smooth pursuit and saccadic paradigms, are similar to those observed in nonhuman primates after unilateral lesions of the hemispheric lobule VII [28] , pointing toward a dysfunction of the cerebellar hemispheres in chronic spinal pain patients. Indeed, there is increasing evidence that the cerebellum is involved in the processing of pain. The cerebellar vermis and hemispheres are activated during experimental or clinical painful stimuli [1, 9, 34] . This has also been specifically shown in chronic spinal pain patients [10, 11] . In addition, experimental pain perception is increased after cerebellar infarction [12] . Electrical or chemical stimulation of the cerebellum increases nociceptive responses in animal experiments [5] . In patients with chronic back pain or fibromyalgia, decreased functional connectivity [16] and reduced gray matter volume [17, 18] have been detected in the cerebellum. In view of these data, it seems likely that the disturbed smooth pursuit and saccadic performance detected in the present study in chronic pain patients are signs of cerebellar dysfunction. However, an influence of other brain regions participating in oculomotor functions, especially the frontal eye field and the pontine nuclei, cannot be ruled out. Brainstem regions have multiple roles in pain processing, for example, in descending pain inhibition [35] , which is thought to be disturbed in chronic pain patients [36] . However, the brainstem nuclei involved in descending pain modulation (periaqueductal grey, rostral ventral medulla, locus coeruleus) are different from those involved in smooth pursuit (dorsolateral pontine nucleus, nucleus reticularis tegmenti pontis) [20, 35] . In total, our findings of increased latencies in both smooth pursuit and saccades and a tendency for reduced gain in smooth pursuit are consistent with the findings reported after lesions of the cerebellar hemispheres in nonhuman primates [28] and humans [37] , supporting the idea of a functional deficit in pain processing as well as oculomotor performance anatomically localized in the caudal lateral cerebellar hemisphere. Moreover, the increased intertrial variability in the smooth pursuit paradigm might point toward a dysfunction in the flocculus [32] . Along this line of thinking, a preexisting dysfunction in these regions of the cerebellum would both facilitate the development of chronic pain (e.g., by weakening endogenous pain control) and affect oculomotor function. Alternatively, chronic pain might lead to a cerebellar dysfunction not limited to pain-processing circuits, which then also shows as oculomotor disturbances. To better understand these possible interactions, data on overlap at the cellular and functional level would be needed.
Only a few previous studies investigated oculomotor function in chronic pain, none of them in chronic spinal pain. Consistent with our results, disturbances in smooth pursuit and saccadic function have been detected. In fibromyalgia and chronic tension-type headache patients, a significantly reduced smooth pursuit gain compared with healthy controls was found [38] [39] [40] [41] . One study showed hyper-or hypometric saccades in 30% of migraine patients, which was interpreted as a sign of subclinical cerebellar or brainstem dysfunction [42] . Increased saccadic latency has been reported in fibromyalgia and tension-type headache [38, 39] , and reduced saccadic gain has been found in fibromyalgia [41] .
If chronic pain patients exhibit oculomotor disturbances pointing toward a cerebellar deficit, whether they also have other signs of cerebellar dysfunction is an obvious question. The patients included in the present study did not show overt abnormalities in the clinical neurological examination, including standard coordination tests. However, clinical examination may not detect subtle signs of cerebellar dysfunction. Maybe more refined coordination tests, for example, automated gait or arm/ hand coordination analysis, would reveal cerebellar abnormalities. Indeed, there are reports on subtle cerebellar deficits in pointing movements of the upper limb in migraine patients [43] . The cerebellum also plays a role in executive functioning and associative learning [44, 45] . For example, eyeblink classical conditioning has been used to detect subclinical cerebellar dysfunction in migraine patients [46] . Thus, future studies will be needed to see if cerebellar dysfunction in chronic pain patients can be corroborated by these additional tests.
On the other hand, obviously not all subjects with oculomotor disturbances or cerebellar dysfunction have chronic pain. To our knowledge, there are no epidemiologic data showing if chronic pain is more frequent in these patient groups. Our previous study has shown increased pain perception and reduced endogenous pain inhibition after cerebellar infarction [12] . A similar investigation in subjects with cerebellar oculumotor disorders could reveal if also cerebellar dysfunction from other causes is related to enhanced pain perception. The present cross-sectional study does not determine if putative cerebellar dysfunction represents a predisposition for or the consequence of chronic pain. The absence of a correlation between oculomotor abnormalities and disease duration might point toward preexisting cerebellar dysfunction. Alternatively, as most patients in the present study had long-standing chronic pain (average ¼ 9.3 years), results would also be consistent with the development of cerebellar dysfunction early in the course of the chronic pain disorder.
The present study has some limitations. For ethical reasons, we did not withdraw patients from medication; 37% of the patients were taking opioids and/or co-analgesics, but were on stable doses and did not report or show cognitive side effects of the drugs. In addition, comparison of subjects taking only nonopioid analgesics with those taking opioids and/ or co-analgesics did not show differences in smooth pursuit or saccade parameters. Depression is a frequent comorbidity of chronic pain, and the present study showed significantly higher depression scores in patients compared with controls. Statistical analysis did not reveal an influence of depression on oculomotor scores. However, it must be kept in mind that numbers of patients in the subgoups with high/ low depression scores and with/without opioid or coanalgesic medication were low, so that small differences in oculomotor functions might not have been detected. The present study also included five patients with pain in the cervical spine. Because the cervical spine also has a role in maintaining equilibrium, this might have affected oculomotor functions in a way different from pain. However, oculomotor function was not significantly different between patients with low back pain and cervical pain, possibly because of low numbers. Finally, the present data were obtained from a tertiary care facility, likely leading to recruitment of complex and severely affected patients who have suffered from chronic pain for a prolonged time. Population-based studies would be needed to show the generalizability of the results.
Conclusion
The present study shows a subtle disturbance of both smooth pursuit and saccadic performance, especially regarding latency parameters, in chronic spinal pain patients. Results are consistent with cerebellar dysfunction, but dysfunction of other brain regions, especially the frontal eye field and pontine nuclei, has to be ruled out in future research. Future studies should also be designed to investigate how oculomotor performance varies during the course of the chronic pain disorder; for example, if it reflects the effects of successful medical or physical treatment. Supposing that the present data indeed reflect a cerebellar dysfunction in chronic pain patients, one could also envisage treatments specifically targeting cerebellar function, for example, coordination training or modulation of cerebellar function by potassium channel blockers (e.g., 4-aminopyridine [19] ).
